A combined experimental and computational investigation of micrometric diesel droplets impacting on a heated aluminium substrate is presented. Dual view high-speed imaging has been employed to visualize the evolution of the impact process at various conditions. The parameters investigated include wall-surface temperature ranging from 140 to 400°C, impact Weber and Reynolds numbers of 19-490 and 141-827, respectively, and ambient pressure of 1 and 2 bar. Six possible post-impact regimes were identified, termed as Stick, Splash, Partial-Rebound, Rebound, Breakup-Rebound and Breakup-Stick, and plotted on the We-T map. Additionally, the temporal variation of the apparent dynamic contact angle and spreading factor have been determined as a function of the impact Weber number and surface temperature. Numerical simulations have also been performed using a two-phase flow model with interface capturing, phase-change and variable physical properties. Increased surface temperature resulted to increased maximum spreading diameter and induced quicker and stronger recoiling behaviour, mostly attributed to the change of liquid viscosity.
Introduction
Understanding liquid droplet impact onto solid surfaces is important in a number of industrial applications such as internal combustion engines, fire suppression, thermal power plants, microprocessor cooling and ink printing among others. Owing to the fact that the aforementioned spray systems may be comprised of millions of interacting droplets that prohibit detailed identification of the flow conditions during the impact of individual droplets, many studies focus on the characterization of the impact dynamics of single droplets under well-controlled conditions. Several parameters, such as droplet velocity, diameter and angle of impact [1] , liquid physical properties [2] , surface conditions [3] , wall-surface temperature (T w ) [4] and ambient pressure [5] are of key importance for the deformation of droplets upon impact and thus, define the impact outcome. These parameters define the Reynolds (Re = ρV 0 D 0 /μ), Weber (We = ρV 0 2 D 0 /σ ) and Ohnesorge (Oh = √ We/Re) dimensionless numbers that are frequently used to macroscopically characterize the process (where ρ is the liquid droplet density; σ , the liquid vapour surface tension; μ, the viscosity; D 0 , the initial droplet diameter and V 0 , the impact velocity). Comprehensive reviews of recent advancements in this area, from the flow dynamic point of view, can be found in [6, 7] . In general, the post-impact outcome regimes can be illustrated on regime maps as a function of surface temperature and impact Weber number, as reported in [4, [8] [9] [10] for various single component liquids. In [10] , the impact outcomes are defined by means of hydrodynamic regimes and droplet morphology (stick, splash, breakup and rebound), while in the rest, more attention is given to the heat transfer associated with the corresponding boiling modes; the regimes identified include film evaporation for T W < T BP , nucleate boiling for T BP < T W < T L and film boiling for T W > T L , where T BP and T L are the boiling point and Leidenfrost temperature of the liquid droplet, respectively. Moreover, upon impacting on a heated surface with temperature much higher than liquid's boiling temperature, a thin layer of the droplet own vapour forms between the solid surface and the droplet, that is typically only a few nanometres thick [4] ; this layer may prevent the contact between liquid and solid which, in turn, decreases the heat transfer rate. If the pressure force exerted on the droplet from the vapour layer overcomes the droplet's weight, then it levitates from the surface and may rebound; this is known as the Leidenfrost regime [11] . Recently, relying on high-speed imaging techniques, different influential aspects of this transition temperature, i.e. fingering patterns, vapour layer thickness and residence time have been reported in [12] [13] [14] . In [15] , it was reported that the dynamic Leidenfrost temperature is influenced by the droplet size. Furthermore, the investigations of [16] have reported a variable Leidenfrost temperature according to droplet impact velocity. Increasing the surface roughness is also reported to increase the Leidenfrost temperature [17] ; however, this temperature decreases by decreasing the impact angle. It can be also expected that an increase in the ambient pressure and air density at a given temperature, increases the Leidenfrost temperature, due to the change in liquid's boiling point [18] and the difference in aerodynamic and buoyancy forces (all the symbols are defined in table 1).
In addition to the characterization of the post-impact outcome, quantification of the droplet's spreading rate and wetting behaviour are often studied. Understanding of the spreading behaviour is essential for the determination of the wetting dynamics and thus the impact outcome. In [19] , the dynamic contact angle and spreading factor have been employed extensively to study droplet dynamic wetting behaviour onto solid substrates. The value of contact angle, which changes during droplet spreading, can be measured from images of the droplet's profile at the moving contact line. The flow at the contact line determines the value of dynamic contact angle and thus, contributes to spreading rate [20] . Several experimental studies have been carried out recently to measure the temporal variation of contact angle and the spreading factor under isothermal condition (selectively [20, 21] among many other). Nonetheless, the phenomena of non-isothermal droplet impact are more complex, due to added influential factors related to heat transfer process, evaporation and temperature dependence of the liquid physical properties. When T W < T BP , the heat transfer does not affect the phenomenon at the beginning of the droplet impact process [22] . However, later on during spreading, the temperature rise inside the droplet alters the evaporation process and the physical properties of the droplet (i.e. surface tension and viscosity); this may result in modification of the spreading rate. In [23] , the equilibrium and dynamic advancing and receding contact angles of water droplet impacting on copper and stainless steel surfaces at wall temperatures ranged from 120 to 200°C, were reported. They observed significant change in dynamic receding contact angle with respect to surface temperature and noted this effect as an indicative parameter of change in boiling regime. It is suggested by Chandra & Avedisian [24] that the rapid evaporation at the edges of the spreading droplet causes it to curl back and increase the dynamic contact angle. In [25] , the spreading dynamic of a water droplet on a heated hydrophilic and hydrophobic textured surfaces have been examined and a strong influence of surface temperature on droplet spreading factor for the hydrophilic surfaces has been observed. The majority of the previous experimental studies has employed water droplet with a wide range of diameters (several hundred micrometres to several millimetres) [26, 27] . In addition, glycerine/water mixture [28] [29] [30] , alcohols [31] , silicon oil [32] [33] [34] , aqueous polymer solution [35, 36] , single component hydrocarbons [37, 38] , FC-72 [39] [40] [41] and non-Newtonian fluids [42] have also been used to investigate the impinging droplet phenomena. In [37] , the impact behaviour of a binary fuel droplet onto a heated copper plate has been studied; the fuel droplet consisted of a mixture of n-hexane and n-decane, which have significantly different boiling temperatures. They have shown that the impact regimes obtained from their fuel mixture are significantly different from the regimes of a single component fuel, in particular, when wallsurface temperature was above the n-hexane boiling temperature. In [43] , the evaporation lifetime curve of a binary fuel droplet on a heated surface has been studies; two local maximum and minimum vaporization rates (as a function of surface temperature) have been observed while for a single component case there is only one local maximum and one local minimum.
The review of the literature given above indicates that despite the information available characterizing the isothermal and non-isothermal droplet impact onto flat surfaces, only limited information exists regarding hydrodynamic (inertia, capillary and viscous forces) and thermal (heat flux) effects for diesel fuel droplet impact on flat heated surfaces [44] . It should be noted that a complete impact outcome map for a wider range of Weber numbers and wallsurface temperatures for diesel droplets has not yet been presented. This paper aims to bridge this gap by reporting new experimental data of micrometric diesel fuel droplet impingement on a heated aluminium surface. The post-impact regimes are identified and mapped for a wide range of Weber-T set points, by means of high-speed imaging. The temporal variation of dynamic contact angle and spreading is derived for conditions below the Leidenfrost point for which no splashing/breakup occurs. In addition, conditions leading to the onset of droplet splashing/breakup are studied and the effects of substrate temperature, We number and air density on the disintegration process are identified. In addition to experiments, computational fluid dynamics (CFD) simulations assist in the interpretation of the observed droplet behaviour are reported together.
Material and methods (a) Experimental set-up
A schematic of the experimental set-up is depicted in figure 1 . It consists of a constant volume chamber with three quartz windows providing undisturbed optical access, a mono-droplet dispenser, a heated aluminium surface, two high-speed cameras and the data acquisition system.
An aluminium specimen, with dimensions of 50 × 50 × 20 mm, was used as the target solid surface; it was grinded to a ground finish with an average surface roughness of R a = 0.8 µm and was subsequently polished using a 1 µm diamond paste to reduce the surface roughness to R a = 0.4 ± 0.01 µm. The surface roughness was measured using a linear surf-metre (Mitutoyo Surftest-SJ-500). The specimen was heated by three 250 W cartridge heaters (type HLP, TURK HILLINGER), embedded 3 mm under the target surface and allowing a maximum temperature of 400°C to be achieved. This covers the entire range of boiling modes, from nucleate up to above the Leidenfrost temperature. Experiments for each individual impact scenario were conducted once steady-state temperature of the wall was reached. Temperature measurements were taken by three K-type thermocouples with an accuracy of ± 1.5°C for the largest recorded temperature value. These thermocouples were integrated into the specimen, next to the heaters. A closed chamber with optical access was used to control the air pressure. Three additional thermocouples were used to monitor the ambient temperature of the chamber at different locations. The injected droplet temperature was kept at 25 ± 1°C by means of a water heat exchanger and a layer of insulation mounted on the droplet generator system to avoid external heating of the fuel liquid from the heater.
The liquid used in this study was standard summer diesel fuel with properties ρ = 833 kg m −3 , σ = 28.9 mN m −1 and μ = 2.7 cP at 25°C. Owing to the heat transfer from heated wall-surface to the droplet, the temperature and properties of the droplet, during the impact period, change. In order to ensure a fuel-vapour-free atmosphere within the test chamber, the chamber was evacuated after each impact and fresh gas was purged into the chamber prior to each experiment. Mono-droplets were generated from a delicate electromagnetic dispensing system (SLMD300G, Fritz Gyger AG). The droplet injection process was controlled with compressed air and precise opening time of the injector anchor; the measured droplet size and velocity were in the range of 320-440 µm and 1.4-6.18 m s −1 , respectively. These correspond to impact Weber and Reynolds numbers in the range of 19-490 and 141-827, respectively. A full description of the operating conditions investigated is listed in table 2.
Two synchronized Photron high-speed cameras (PHOTRON v.SA1.1 and APX-RS), providing 12-bit greyscale images at a rate of 30 k fps, were used to visualize the droplet impact process with 640 × 288 and 256 × 256 pixel resolution for the side and the oblique views, respectively. The quantitative measurements were made using the side view images. The high magnification optical system consisted of a long distance (LD) microscopic lens (infinity DistaMax) and a 12× zoom lens (Thorlab); the resolutions obtained were 3.78 ± 0.02 and 5.6 ± 0.4 µm/pixel for the side and oblique views, respectively. The back to front illumination was provided using two 250 W ARRI metal halide continuous white light sources. The best compromise between the image brightness and the edge sharpness was achieved by setting the exposure time to 2.1 and 4 µs for side and oblique view, respectively. The droplet displacement of largest velocity during this time interval is less than one pixel, resulting in ± 3.78 µm uncertainty in droplet edge position. In total, with respect to droplet impact Weber number and wall-surface temperature, 130 conditions were tested.
Image processing was performed using an in-house Matlab routine to determine the preimpact parameters (D 0 , V 0 ) and spreading parameters (θ, β). Starting from the raw images and using the edge detection algorithm reported in [45] , the extraction of the droplet profile at two different time steps is obtained. This method is based on the pixel intensity gradient, determining the position and orientation of the edge within each individual pixel. More specifically, initially, a threshold is specified by comparing the mean pixel intensity of the regions inside and outside of the droplet. The horizontal and vertical positions of the edge points are then registered in Cartesian coordinates. A cubic polynomial fitting curve is derived through the first 10 adjacent points on both the left and right corners near the triple contact point and at each time instant. The coefficients of determination (R 2 ) of the fitting curves were above 99% for all the test cases. The apparent dynamic contact angle θ D (t) was measured from the tangent line drawn on the fitted polynomial at the triple contact point, with an accuracy of ± 2°. To establish repeatability of the measurements, each test case was repeated up to five times; as the observed maximum variation was less than 2% in dynamic contact angle and spreading factor, only the mean value of each parameter is reported here. The spreading diameter D(t) was computed as the distance between right and left triple contact points, with a maximum uncertainty of ± 8 µm; these values were then non-dimensionalized using the pre-impact droplet diameter D 0 and denoted as β (spreading factor). The standard deviation of measured spreading factor and non-dimensionless height in each case was less than 2.5%. The pre-impact conditions were also obtained from the acquired droplet image immediately before the impact. The droplet was not perfectly spherical, so both vertical and horizontal diameters of the ellipsoidal image of ovoid droplet were considered, and the equivalent diameter was estimated, as in [46] , according to: an accuracy of 0.07 m s −1 at We = 19 and 0.11 m s −1 for We = 490. The relative uncertainty in the calculated Weber number ranged from ±0.7 at We = 19 and to ±8 at We = 490.
(b) Numerical methodology
The use of a CFD model, as developed recently by the authors [47] [48] [49] has been also employed in order to assist in the interpretation of the recorded images. This model has been validated for numerous cases of droplet impingement onto flat and spherical surfaces, with and without heat transfer. The CFD model solves the Navier-Stokes equations for mass and momentum conservation, while it employs the volume of fluid methodology to capture the liquid-gas interface. The energy equation coupled with a species transport equation for the vapour and a local evaporation model are used to simulate phase change [48] . The evaporation rate is based on the kinetic theory of gases, where the driving force is the difference between the saturation conditions at the interface and the conditions on the vapour side. This model has been validated in [48] for single droplet evaporation and impingement for an n-heptane droplet. In this work, it is used for the simulation of diesel drop evaporation and validated against the experimental data of [50, 51] for diesel. A dynamic local grid refinement technique was used to keep the computational cost at affordable levels [52] . In figure 2 , the axisymmetric domain used in this study is presented, along with a zoomed region that shows the application of the dynamic grid refinement technique at the liquid-gas interface at the time instant of maximum spreading. The numerical model is used to predict the spreading dynamics for stick and breakup regimes. To capture rebound, the grid should be massively refined next to the wall surface [53] in order to resolve the thin vapour layer formed. The boundary conditions, also depicted in figure 2 , include symmetry (axisymmetric domain), pressure outlet in the open (free stream) boundaries and no-slip wall condition. A constant temperature value is applied at the wall boundary. The base initial grid consists of 50 × 50 rectangular cells. After the application of three levels of local refinement, the droplet radius is resolved by 40 grid cells. In figure 3a , a grid independency study is presented for the case of T W = 140°C, We = 65; the non-dimensional time t* has been defined as t* = (t × V 0 )/D 0 , where, t = 0 is the time at the instant of impact, while V 0 and D 0 are the initial droplet velocity and diameter, respectively. It is clear that increasing the levels of refinement from 3 or above, the numerical predictions converge to a similar distribution for the temporal evolution of the spreading factor β. The dynamic contact angle model of Kistler was used as implemented in [52] , using the equilibrium contact angle value of 23°; this was measured at the end of relaxation phase under room temperature conditions. Although the direct imposition of the dynamic contact angle temporal evolution, as taken from experiments can be applied, it is not used in this study, as the basic aim of the simulations is to exhibit the effect of surface temperature on the spreading/recoiling dynamics. The change in liquid properties as the temperature increases, affects the contact angle variation, especially during the droplet recoiling phase, as it is shown in the following section; direct imposition of the measured contact angle variation would prevent the prediction of this behaviour. Figure 3b depicts the temperature-dependent properties of the diesel liquid for a temperature range of 0-180°C, i.e. up to its boiling point at 1 bar pressure. All properties are taken from Kolev [55] , except for the vapour pressure which is over predicted; the corresponding values for n-tetradecane are used instead [56] . The properties of this compound behave similarly to diesel, as mentioned in [57] .
Results and discussion (a) Classification of post-impact regimes
In general, under the operating conditions defined in table 2, essentially six different macroscopic outcome regimes have been identified, termed as: stick, splash, rebound, partial-rebound, breakup and breakup-rebound as illustrated in figure 4 . The droplet impact process and outcome regime depends on Weber number as well as the target surface temperature.
In the 'stick' regime (figure 4a), the entire mass of the droplet is deposited on the wall surface upon impact (t* = 1.25), spreads (t* = 3.26) and finally relaxes on the surface (t* = 16.65). The initial kinetic energy of the droplet is lost into viscous dissipation during spreading. This regime occurs for Weber numbers below the splash threshold and/or when the heat transfer is not intense enough to induce breakup or rebound. Increased heat transfer induces boiling within the bulk of the liquid, which has been identified as one of the droplet disintegration mechanisms [58] . 'Splash' (figure 4b) occurs when We is high enough so the droplet becomes unstable (t* = 0.45), deforms and forms smaller droplets after the disintegration of the moving edge of the spreading lamella (t* = 2.7); however, the rest of the droplet stays on the surface. Two different types of disintegration patterns were observed, in the form of liquid ligaments (figure 4f at t* = 2.24) and rings (figure 4b at t* = 2.7), resulting in different splash regimes. The first one is due to instabilities developing on the liquid film forming radially outwards. As the forming ligaments grow in length, their shape becomes unstable and eventually break up into smaller droplets. The second one is attributed to instabilities developing in the circumferential direction; as the lamella diameter increases, its thickness reduces until the formed ring at the edge of the lamella detaches and continues to expand until breaking up into smaller droplets. Similar mechanisms have been reported in [44] for both a heavy multi-component and a single component hydrocarbon fuel droplet. In the 'rebound' regime (figure 4c), the droplet impacts onto the surface (t* = 0), spreads (t* = 1.23), recoils (t* = 2.74) and finally rebounds (t* = 16.43) from the surface. A vapour cushion forms between the droplet and the heated surface (t* = 1.23). In this regime, there is almost no direct contact between the wall surface and the liquid droplet [4] . In the partial rebound regime (figure 4d), capillary waves are generated in the form of ripples on the droplet's interface (65) due to the difference of the initial apparent (near to 180°) and the static contact angle; these propagate along the liquid surface, causing the droplet to pinch off. A part of the droplet stays on the surface and the other part rebounds (t* = 17.43). If the impact energy is high enough to generate a strong perturbation, then the droplet breaks into several smaller droplets (figure 4e,f ); these smaller droplets either stay in contact with the surface (breakup-stick) or rebound from it (breakup-rebound).
The various post-impact outcomes as identified above have been plotted on the Weber number and wall-surface temperature diagram and shown on figure 5 for the two different air pressures tested. The transition boundaries (dashed lines) show where a change in the droplet impingement behaviour has been observed and perceive a necessary condition for a regime to be reached. The area shadings (in conjunction to symbols of the same colour) highlight the various impact regimes. It should be noted that the transition lines between neighbouring regimes were not clearly determined due to the experimental uncertainties affecting the actual We-T threshold.
At 1 bar air pressure, for temperatures below the Leidenfrost point (T L ) and relatively low Weber numbers, the droplet moves laterally in contact with the heated surface until it reaches its maximum spreading. Then it recoils and relaxes into a spherical cap shape, which can be described by the apparent dynamic contact angle and spreading factor. The splash regime was observed first for We = 490; it can be expected that by further increasing the Weber number the outcome regime remains the same [5] . Besides, the respective phase diagram for pressure of 2 bars (figure 5b) also demonstrates that no additional regimes appear above splash. With regards to the droplet levitation/rebound (figure 4c at t* = 16.43), T L was observed around 340°C for low Weber number(We ≤ 65) and increased about 10°C for We > 65; this shows the dependency of the Leidenfrost regime on the impact Weber number. The breakup regime was observed for We ≥ 360 and 270°C < T < T L ; however, the minimum temperature of the breakup regime decreases 10°C for larger Weber number (We ≥ 490). In this regime, the droplet breaks up during the retraction phase (figure 4e at t* = 6.75). High impact Weber number results in larger surface contact area and therefore a thinner liquid film is forming over the surface; this increases the overall heat transfer to the droplet mass and reduces the surface tension ability to retain the droplet shape. Thus, the liquid film ruptures and hence the droplet breaks up into smaller droplets (figure 4e). For wall-surface temperatures above the Leidenfrost point, these smaller droplets rebound from the surface after breakup (breakup-rebound regime). The minimum surface temperature required for this regime to occur is constant over the entire range of Weber numbers. The extension of transition lines, coinciding at the point of (We = 202, T W = 350°C), separates the stick, breakup and rebound regimes. The same We-T set points were also examined at chamber pressure of 2 bars (figure 5b). Similar outcomes as in the 1 bar air pressure case were observed although the position of the transition lines was shifted towards higher surface temperatures and lower Weber numbers. As it is expected, the breakup and rebound regimes occur at higher temperature for increased air pressure. This can be attributed to the higher diesel components saturation point at elevated air pressure. The Leidenfrost temperature for the rebound and breakup-rebound regimes was increased by 20°C and 30°C, respectively, compared to the 1 bar case. The transition line of breakup regime was shifted by nearly 70°C. It is already well established by previous experimental studies [5] that the gas flow in the vicinity of the moving edge is crucial for the splash development; the splash transition line, which is independent of the surface temperature, was shifted from We = 490 to We = 350 by increasing the ambient air pressure from 1 to 2 bars. CFD simulations were used to predict the transition line for both 1 and 2 bar pressure conditions, as shown in figure 5a ,b, respectively. For Weber numbers in the range 202-360, the dominant mechanism that induces breakup is evaporation. As the solid surface temperature increases, evaporation intensifies and results gradually to breakup. For the range of surface temperatures simulated (250-325°C), the average droplet temperature at maximum spreading reaches around 55-65°C while at t* = 10, rises up to 95-125°C; this shows that the rate of droplet heating increases for higher surface temperatures. At that moment, the droplet has lost a small portion (0.2-0.5%) of its initial mass. This might not seem as a significant amount; however, as the droplet heating rate increases, evaporation becomes more intense and this affects the post-impact regime, which changes from stick to breakup. At 2 bar air pressure, the breakup regime is limited to a small area and an average droplet temperature of approximately 135°C at t* = 10 is reached for all cases. For higher We numbers (We ≥ 360), the impact kinetic energy becomes more dominant, as the transition line is almost vertical in respect to surface temperature. Droplet temperature at t* = 10 is similar compared to the lower Weber number (202 ≤ We ≤ 360) cases (100-130°C) Figure 6 . Transition temperature to the Leidenfrost temperature (T L ) as a function of We. The first dataset is for the current study, followed by data representing Leidenfrost temperature values of ethanol impacting on a heated polished silicon [59] and a sapphire glass plate [4] , respectively. The third dataset is from [9] and illustrates the experimental results of a water droplet impact on a heated polished aluminium surface. The next two datasets represent the impingement of a water droplet on a heated, polished silicon wafer as reported by [60, 61] . Finally, the last two datasets are for impact of FC-72 [41] and FC-84 droplets [4] on a heated, sapphire glass plate.
well as the liquid mass evaporated (0.15-0.5%). The trend for the transition from stick to breakup mode, as predicted from CFD, is similar to the experimental one; the differences seen between experiments and predictions have been primarily attributed to the diesel properties used and more specifically to the vapour pressure and fuel composition. As diesel has been approximated as a single component fluid, its vaporization process is inevitably different from the real diesel fuel. Such hydrocarbon fuel mixtures are homogeneous as long as the temperature remains below the boiling temperature of the individual components. However, they behave differently from a single component fluid at surface temperatures higher than some of the components' boiling temperatures due to preferential vaporization. Up to now, classification of the post-impact outcome on heated surfaces has been reported in the literature only on single component liquids; thus, the existing regime maps and transition criteria available so far are not applicable for diesel, which comprises of more than 300 components covering light to heavy hydrocarbon molecules. In order to highlight the differences in the impact outcome of the multi-and single-component fluids, new experimental data for the Leidenfrost temperature, breakup, and splash have been compared to those previously reported in the literature.
In general, significant discrepancies exist in the literature with regards to the quantification of the transition between the post-impact regimes. Figure 6 shows the transition to the Leidenfrost temperature (based on the data extracted from the regime map depicted in figure 5 ) as a function of impact Weber number. The Leidenfrost-temperature values of the current study are compared against those derived by the experiments carried out by [9, 60, 61] for water, [4, 59] be noted that based on the data of [55] , the so-called average boiling temperature of diesel fuel at atmospheric pressure can be assumed to be 280°C. In general, the larger the Weber number, the higher the wall-surface temperature required to initiate rebounding and consequently T L increases [61, 62] . It is of interest to note that similar behaviour has been observed in [63] , although the impact velocity was employed in the phase diagram rather than Weber number. However according to [59] , the Leidenfrost temperature shows a weak dependence on the Weber number, yet it can be approximated as a constant value of T* ≈ 2.1 (T W ≈ 165°C). It has, nevertheless, been noted in the specific study that the behaviour observed is not in contradiction with other studies found in the literature [14, 61] , which report stronger dependency of T L on We, as the Webernumber range investigated is different. For instance, considering water, several different values, ranging from 150 to 310°C, for the Leidenfrost temperature have been reported in [64] [65] [66] [67] . The discrepancies in the reported values arise from differences in liquid impinging mass, impact velocity, amount of liquid sub-cooling, surface roughness, solid thermal properties, ambient pressure, impurities and the degree of wall cooling under the droplet due to heat transfer. The importance of the parameter β (=1/kρc) has been observed to increase as the Weber number value increases [65, 68] . As the value of β decreases, the surface behaves isothermally and consequently, the lower value of the T L is. This can explain the higher wall superheat ratios required for transition to Leidenfrost in case of sapphire and silicon plates compared to aluminium. In addition, the temperature-dependent contact angle is believed to be an influential parameter to control the stability of the vapour layer forming between the liquid and the wall surface, affecting the transition to the Leidenfrost temperature [69] . As the contact angle decreases, the heat flux increases at the impact moment, so the required temperature of the stable vapour layer decreases. In this investigation, the high wettability of the diesel liquid on aluminium plate, explains the lower wall superheat required for Leidenfrost transition.
The breakup regime was not observed as a post-impact outcome in most of the studies where silicon and sapphire were used, due to their very low surface roughness. In order for such a regime to arise, the inertial forces required to overcome the capillary pressure should be increased to values possibly outside the range of Weber and Reynolds numbers examined in the respective studies, e.g. in [4, 61, 70] . Additionally, the high wettability of diesel fuel on silicon and sapphire, as well as the low distribution of vapour-nucleation sites (e.g. cracks and crevices, roughness elements) compared to a polished aluminium surface, prevent the creation of disruptive vapour bubbles that initiate the boiling-induced disintegration of the droplet [9] . This behaviour is in contrast with past studies, where breakup has been observed with relatively lower Weber and surface temperature values; for instance, refer to [17, 62] discussing droplet collision onto heated metal surfaces. Figure 7 depicts in a comparative manner the minimum surface temperature required to initiate droplet breakup as a function of impact Weber number, for different liquids and impact surfaces. Similar to figure 6 , the wall-surface temperature values were normalized by the respective liquid's boiling temperature. The coupled effects of heat transfer between the droplet and the heated surface and the impact momentum induce breakup. As it can be seen and also noted in [72] , increasing Weber number, results in increased influence of the droplet kinetic energy, and hence, a lower surface temperature is required to initiate breakup. Similar behaviour has been seen in [69] , where breakup of a n-decane droplet impinging on a heated substrate was independent from the wall-surface temperature for T W > 300°C. By contrast, in [59] , the critical Weber required for transition to the breakup regime increases with surface temperature. This discrepancy is owed to the difference in the definition of the outcome regimes. In this study, breakup regime specifically refers to the disintegration process occurring in the entire liquid film and not only in the moving edge of the lamella, as is the case for [59] . As it can be seen in figure 7 , the minimum wall-surface superheat ratios required for breakup for the water cases are qualitatively similar; some variations arise from their different surface properties. The lower wall superheat ratio values in the case of water droplet impact on a silicon plate obtained by Zhang et al. [71] Figure 7 . Critical surface temperature for droplet breakup as a function of Weber number. The first dataset corresponds to the current study, followed by data obtained for the break up transition of a water droplet colliding on a heated silicon wafer [71] and an aluminium plate [9] . The additional datasets are from [37] and represent the breakup transition of droplets comprising different n-hexane/n-decane mixtures colliding on a heated copper plate.
Weber number for breakup to occur when compared to aluminium. However, it should be noted that the surface temperature measurement in [9] has been corrected for the difference between the substrate holder and the substrate itself; a correction that lead to increased values of the surface temperature. Lower set points of (T*, We) are related to the diesel fuel composition and surface properties. Even having similar impact surface, the breakup behaviour can be significantly different as the fuel composition changes, which is evident from the breakup behaviour of different mixtures of decane and hexane [37] .
The threshold of splashing on a smooth, flat aluminium surface has been examined under a wide impact Weber number range for 1 and 2 bar pressures. Splashing occurs once the momentum of the droplet cannot be converted into the momentum of flow along the surface [73] . Therefore, increasing impact Weber number shifts the post-impact regimes from stick to splashing, confirming the results of previous studies [74] . In this study, the transition to splash regime has been observed to be independent from the wall-surface temperature. This is in contrast with the results obtained in [59] where it was concluded that, as the vast majority of available studies show weak temperature dependence for splashing [68, [75] [76] [77] [78] [79] , the Weber number and plate temperature should not be the only relevant control parameters for the specific regime. Moreover, the effect of air pressure on splashing, first studied by Xu et al. [74] has been verified to extend into higher ambient pressure conditions [5] . In this work an empirical correlation (based on experimental data) for splash threshold for a wide range impact conditions, considering the internal pressure generation during droplet impact and the opposing retentive surface tension [5] , has been proposed as: 2.84(Ca a ) 0.54 (P/P 0 ) 0.42 = 1. This correlation gives 99% accuracy against the present experimental findings for the splash threshold for both air pressure values investigated.
In addition, regarding the numerical simulation of the splashing regime, only two numerical efforts have been performed up to now in order to successfully simulate this phenomenon in three-dimensional domains [80, 81] ; splashing is captured using either an initial perturbation in the velocity field, or due to small round-off errors in the pressure equation that initiate these perturbations. In a more recent paper [82] , the authors manage to capture the dynamics of splashing using a grid refined at a size of 3000 equivalent cells near the contact line. The high computational effort needed make these runs unfeasible for the current study.
(b) Dynamic behaviour of spreading in the stick regime
The effects of surface temperature and impact Weber number on spreading dynamics within the stick regime are further examined in this section. Figure 9 shows the sequential images of the droplet impact evolution during the spreading and receding phases for different values of the surface temperature and impact Weber number of 65. Numerical simulations are presented as well, in order to elucidate the fluid flow induced by the droplet impact. A section view at the droplet middle plane is presented in the simulation results; the viscosity of the liquid phase and the temperature of the domain are depicted on the left and right side of the plots, respectively. After impact, the droplet initially spreads on the surface with nearly the same spreading velocity for all cases (t* = 2.25). After reaching its maximum spreading, for impact at T W = 140°C and 260°C the droplet begins to retract (t* = 4.95) towards its centre until reaching a minimum shrinking position without rebounding from the surface (t* = 9 and 12.15 for T W = 140°C and 260°C). Depending on the surface temperature, the droplet oscillates on the surface until it reaches its final shape. By contrast, at surface temperature of T W = 25°C nearly no recoiling was observed and the droplet shape was not changed after the maximum spreading diameter. This can be seen in figure 8a for t* > 2.25. Numerical results indicate that as the temperature of the surface increases, the change in viscosity is more profound, as the droplet heats up quicker. This is the main reason for the quicker recoiling of the drop as the surface temperature increases. Figure 9 depicts the temporal evolution of apparent dynamic contact angle and spreading factor β = (D(t)/D 0 ) for three different surface temperatures keeping a constant We = 65. The time to reach the maximum spreading was slightly decreased by increasing the surface temperature. The droplet spreads with the same velocity approximately until t* = 1, as the kinetic energy is the dominant factor in the initial spreading. By increasing the surface temperature, the droplet undergoes through stronger retraction and the maximum receding diameter decreases.
The spreading factor at the end of this oscillation decreases with increasing wall temperature. A drastic decrease in dynamic contact angle is observed until t* = 6 in a nearly similar manner for all surface temperatures. This shows that the decreasing dynamic contact angle during the initial phase is mainly related to the inertia of the radially spreading liquid [83] . However, during the recoiling phase, the values of the dynamic contact angle after t* = 6 are significantly different for the three values of wall temperature tested. The dynamic contact angle for lower surface temperature is almost constant, while it increases significantly with increasing surface temperature. The numerical results are in good agreement with the experimental measurements for the prediction of spreading diameter, maximum value and temporal evolution, as well as the droplet oscillating behaviour and the quicker recoiling phase for higher surface temperatures. The equilibrium position that the droplet rests at the end of the impingement is not the same, between experiments and simulation (simulation radius is smaller), as for small contact angle values, the grid resolution should be significantly increased to capture the prescribed angle value. In figure 10 , the predicted viscosity of the liquid phase as the droplet spreads on the surface is presented at three different time instances for three different surface temperatures. It is clear that viscosity values are lower on the liquid-solid interface as the temperature of the surface increases; this is due to the increased heat transfer rate between the solid and the liquid. This viscosity decrease results to reduced kinetic energy dissipation and thus, faster-recoiling behaviour. The difference in recoiling behaviour has already been observed in the experimental works of [25, 42, 84] , where it is mentioned that the increased liquid viscosity at hydrophilic surfaces and low surface temperatures increases the viscous dissipation, which in turn reduce the available energy for retraction. Surface tension coefficient also decreases with temperature, but the effect of viscosity is more significant. This is why the droplet forms a higher contact angle with the solid surface, a phenomenon that is captured by the simulation as it can be seen in figure 11 . Figure 12a shows the combined effect of ambient air pressure, impact Weber number and surface temperature on the temporal evolution of the dynamic contact angle and spreading factor for We = 19 and 65. The oscillation frequency and amplitude seem to be only dependent on the surface temperature. The effect of the air pressure is quite insignificant for these conditions, as also reported in [85] . However, a weak suppression of the droplet spreading at p = 2 bar is observed, because the spreading factor β obtains a lower value compared to p = 1 bar test case. This can be attributed to the increased aerodynamic drag effect at the triple contact point, as the density of the ambient air is double at 2 bar chamber pressure compared to atmospheric condition; this is also reproduced by the numerical results in [5] , showing that increasing the value of the ambient pressure reduces the maximum air velocity in the vicinity of the contact area.
The maximum spreading factor is an important parameter for characterizing the heat transfer, as the contact area designates the overall heat transfer between the heated surface and the droplet. Figure 12b shows the maximum spreading (normalized with the droplet diameter), for different values of We and surface temperature in the range of 140°C < T W < 300°C at 1 and 2 bar chamber pressure. It is clear that for We < 65, the maximum spreading factor does not vary significantly with increasing surface temperature. For higher values of the Weber number, there is a slight increase of the maximum spreading factor with surface temperature. On the contrary, the impact Weber number has a significant influence on the maximum spreading diameter, as increase of its value from 19 to 360 leads to a subsequent, almost double increase of the maximum spreading factor. This shows that the initial stage of the impact until the maximum spreading diameter is affected primarily by impact kinetic energy rather than thermal effects. 
Conclusion
Thermal-induced effects are fairly different between multi-and single component liquids. In this study, new experimental data for the impact of standard diesel fuel droplets on a heated surface within a gaseous (air) environment at 1 and 2 bar pressure has been investigated for a wide range of Weber number and surface temperature values, employing both high speed visualization and CFD simulations. The six distinct impact regimes observed have been indicated on the We-T map for all conditions tested; these are termed as stick, partial-rebound, breakup, breakup-rebound, splash and rebound. Critical (We, T) value pairs have been identified, which signify the transition to breakup, splash and rebound regimes. At 1 bar air pressure, splash occurs for We > 490 regardless of the wall-surface temperature value. The rebound regime transition to which, in essence, indicates that Leidenfrost condition, was observed for T W ≥ 340°C. The breakup regime was observed for We ≥ 350 and 270°C ≤ T ≤ T L . By increasing the ambient air pressure to 2 bars, the critical We number for splash was reduced to 350 and the Leidenfrost-point temperatures of rebound and breakup-rebound regimes were increased by 20°C and 30°C, respectively. In addition, the transition line of breakup regime was shifted by nearly 70°C. The effect of wall-surface temperature and impact Weber number on wetting parameters (spreading factor and dynamic contact angle) have been numerically and experimentally assessed. Numerical and experimental results were found to be in a good agreement in terms of droplet shapes, spreading behaviour, and oscillation frequency of the droplet interface. It has also been confirmed that by increasing wall-surface temperature, the droplet exhibits a strongly oscillating behaviour during the expansion and recoil phases, due to a reduction of liquid viscosity at higher surface temperature. This stronger recoiling behaviour also increases the value of the dynamic contact angle with the solid surface. In addition, an increase in the Weber number results in a larger value of the spreading factor while the oscillating frequency and final droplet shape remain unchanged.
To the best of the authors' knowledge, this the first attempt to classify the impact outcome of a complex hydrocarbon fuel droplet on a flat heated surface. Comparisons with the available experimental data for the single component fluids clearly shows significant differences, especially in terms of transition to Leidenfrost and breakup regimes; differences in liquid composition and non-homogeneity of the diesel fuel droplet at the temperature above any of its component's boiling temperature, results in different flow process and evaporating behaviour during the impact, and consequently the final outcome. Breakup transition has been also captured by CFD simulations, with good agreement with the experimental data. 
